ABSTRACT
Introduction
A large variety of conjugated organic compounds has been prepared and studied because of their unique optical, electrical, and electronic properties [1] [2] [3] . Polyaniline (PANI) is one of the most promising conducting polymers because of its environmental stability, protonationadjustable electro-optical properties, and high conductivity [4] [5] [6] . Furthermore, preparation of PANI offers an advantage in environmental affinity because PANI can be synthesized in aqueous solution [7] . Recently, conductive polymer composites have attracted much attention because of their variety of properties and functionalities, such as mechanical strength, processibility [8-10. In this research, we focused on employment of trehalose for the production of PANI.
Chemical structure of trehalose is illustrated in Figure  1 . A number of organisms such as plants, insects, and microbes have trehalose [11] . It has been considered that trehalose plays important roles for life activity, especially in hibernation. Recently, a mass production technique of trehalose has been developed by the Hayashibara Co. (Okayama, Japan) by a biotechnology process [12] . To date, studies on trehalose are being conducted in several areas, such as food science, medical sciences, and pharmaceutical sciences [13, 14] .
Here we report oxidative polymerization of aniline in the presence of trehalose. Both trehalose and aniline are soluble in water. This property allows a facile in-situ polymerization of aniline in the presence of trehalose by the typical method for preparation of PANI. In this research, ultraviolet-visible (UV-vis) absorption, Fourier transform infrared (FTIR) absorption spectroscopy, electron spin resonance (ESR) spectroscopy, scanning electron microscopy (SEM) observation, and electrical conductivity measurements of the PANIs were examined for the PANIs thus synthesized.
Experimental Section

Materials
Trehalose was purchased from Hayashibara (Okayama, Japan). Aniline (Tokyo Kasei) and water were distilled prior to use. Ammonium persulfate (APS, Kanto Chemicals) was used as an oxidizing agent. Sulfuric acid (Kanto Chemicals) was employed for preparation of anilinesulfuric salt prior to the polymerization. N-methyl-2-pyrrolidone (NMP, Kanto Chemicals) was used for UVvis measurement of the PANIs. 
Equipment
FTIR absorption spectra for the PANIs were measured with an FT/IR-300 spectrometer (Jasco) with the KBr method. UV-vis absorption spectra were recorded on a V-630 UV-vis optical absorption spectrometer (Jasco). ESR spectra were taken at room temperature using a JES-TE200 ESR spectrometer (JEOL). Surface images of PANIs were obtained with SEM (JSM-5610, JEOL). Electrical conductivity of the polymers was obtained by the dc four-probe method (Mitsubishi Lowrester-GP MCTP-T 610 with MCP-TP06P probe) at room temperature. A thermographic image of the PANI pallet was obtained with FLIR i5 (FLIR Systems).
Synthesis
Trehalose (5.0 g) and aniline (0.05 -5.0 g, Table 1 ) were dissolved in distilled water (170 mL). Sulfuric acid (5.0 mL, 95.0%) was added to the reaction mixture except for preparation of PANI7 (without use of sulfuric acid in the polymerization). The mixture was then cooled to 0C in an ice bath followed by addition of APS (5.0 g) in water (30 mL) to initiate oxidative polymerization, as shown in Scheme 1. After 24 h, the solution was filtered, washed with distilled water (200 mL) for 12 h to remove trehalose and excess APS. Then, the solution was filtered again, washed with methanol (200 mL) for 12 h. After filtration, the PANI was dried in a vacuum to yield deep emerald russet (PANI1, PANI2, and PANI3), deep emerald green (PANI4, PANI5, and PANI6), and brown (PANI7) solids. Quantities of the resultant polymers are summarized in Table 1 . We also conducted preparation of PANI with ()-10-camphorsulfonic acid (()-CSA, (abbreviated PC), and a normal PANI (abbreviated PN) prepared by typical methods as references [15, 16] . PANI1, PANI2, and PANI3 were obtained in trace amounts. Therefore, we examined analysis of PANI4, PANI5, PANI6, and PANI7 samples.
Results and Discussion
Visual inspection of the samples color implies that these PANIs can be an emeraldine salt. FTIR measurements were examined for PANI4-PANI7, PC, and PN to confirm the chemical structure (Figure 2) . Typical absorption bands of PANI are observed at 1558 cm 1 (quinoid (Q) CC stretching), 1472 cm 1 (benzenoid CC stretching), 1297 cm 1 (CN stretching), and 1119 cm 1 (NQN) [17] . Furthermore, PANI4, PANI5, PANI6, and trehalose have absorption band at 1100 cm 1 . On the other hand, PANI7, PN, and PC have no absorption band in this region. This result implies that a small amount of trehalose was coated by PANI during polymerization for PANI4, PANI5, and PANI6. Here, hydrogen bonding interactions may exist between trehalose and PANI. As for PC, characteristic bands at 1150 cm 1 derived from a CSO 3 vibration of ()-CSA appeared. This result confirms formation of the PANI/()-CSA.
PANI4, PANI5, and PANI6 have good solubility in NMP. The PANIs in NMP solution exhibit transparent blue color. CIE color space chromaticity confirms the color of the polymer in the solution, as shown in Figure  3 . UV-vis optical absorption spectra of PANI4, PANI5, PANI6, and PANI7 in NMP are shown in Figure 4 . An absorption band appears at 340 nm for PANI4, PANI5, and PANI6 due to - * transition of the main chain. The absorption band at 640 nm was assignable to charge carriers, so-called polarons (doping band).
These are typical absorption shapes for the doped state of PANI. As for PANI7, an absorption band at 380 nm appears. This is a typical absorption for aniline oligomers. This result indicates that PANI7 forms no well-developed main chain. Generally, PANI prepared in acidic conditions is in the half-protonated state. In this case, PANI has charge carriers (polarons) along the backbone and exhibits electrical conductivity. ESR measurements revealed the existence of the radicals as the charge carriers in these polymers. ESR spectra of PANI4, PANI5, and PANI6 are shown in Figure 5 . g-value, line-width of the signal, and spin concentration of the PANIs are summarized in Table 2 .
The line shapes of these ESR signals are symmetric Lorentz patterns. Typical sharp signals for PANI4 are derived from well-developed delocalized polarons along the main chain. In the case of PANI5 and PANI6, line shapes are broadened and the g-value shifts slightly to lower field. This suggests that bipolarons were also generated in PANI5 and PANI6. Spin concentration of these PANIs increase with aniline/trehalose ratio in the polymerization. Electrical conductivities of PANI4, PANI5, and PANI6 were examined using the four-probe method. These results are summarized in Table 2 . Sample pellets of the PANIs for the measurement were prepared by pressing (100 MPa). Conductivity of these PANIs was increased with trehalose/aniline ratio in the polymerization. Conductivities of these PANIs thus prepared are comparable to typical PANI.
SEM images of PANI4, PANI5, and PANI6 show granular and macroporous structure (Figure 6 ). This porous morphology might provide gas adsorption functionality. Characteristic structure such as fiber structure, is often observed for PANIs [18] . However, the PANIs prepared in this study show no such fibril structure, but rather porous structure. This may be due to the fact that trehalose interrupts aggregation of PANI chains for formation of fibril structure. Figure 7 shows compressed pellet of PANI6 and its thermography under irradiation of IR light. This result demonstrated that the polymer have good processability to form the pellet and infrared absorption nature derived from -conjugation of the main chain.
Conclusions
A series of PANIs was prepared by oxidative polymerization of aniline in the presence of trehalose. The trehalose surface may play a role of a reaction field in the water medium during the polymerization. FTIR measurement indicated a trace amount of trehalose was coupled with PANI via hydrogen bonding. Polymerization of aniline in the presence of natural compounds allows tuning of electronic properties and morphology of the resultant PANI. This study might open the possibility of preparation of polyaniline in the presence of biological materials.
